Klp10A is a kinesin-13 of Drosophila melanogaster that depolymerizes cytoplasmic microtubules [1] . In interphase, it promotes microtubule catastrophe [2-4]; in mitosis, it contributes to anaphase chromosome movement by enabling tubulin flux [1, 5] . Here we show that Klp10A also acts as a microtubule depolymerase on centriolar microtubules to regulate centriole length. Thus, in both cultured cell lines and the testes, absence of Klp10A leads to longer centrioles that show incomplete 9-fold symmetry at their ends. These structures and associated pericentriolar material undergo fragmentation. We also show that in contrast to mammalian cells where depletion of CP110 leads to centriole elongation [6] , in Drosophila cells it results in centriole length diminution that is overcome by codepletion of Klp10A to give longer centrioles than usual. We discuss how loss of centriole capping by CP110 might have different consequences for centriole length in mammalian [6] [7] [8] and insect cells and also relate these findings to the functional interactions between mammalian CP110 and another kinesin-13, Kif24, that in mammalian cells regulates cilium formation.
Results and Discussion

Klp10A Participates in Controlling Centriole Length and Stability
To study Klp10A's roles at the spindle poles, we examined flies with reduced Klp10A expression that showed male sterility resulting from a P element insertion [9] (see Figure S1A available online). Meiotic cells in Klp10A testes had supernumerary asters and abnormal, frequently multipolar meiotic spindles ( Figure 1A ). Consistently, 79% of elongating spermatid bundles contained fewer than the normal 64 nuclei (Figure S1B) , and flagella were immotile and shorter than in control flies. Electron microscopy revealed that elongating spermatids had missing or incomplete axonemes ( Figure S1C ). Moreover, Klp10A adults were uncoordinated and needed increased time to recover from mechanical shock, a hallmark of centriole defects [10] [11] [12] (Figure S1D ).
These findings led us to examine centrioles in 16-cell cysts of primary spermatocytes in late G2 or in meiosis. We found that most such cells (>70%) had more than two centrosomes together with additional rod-and dot-like structures that stained with anti-Dplp (Drosophila pericentrin-like protein) ( Figures 1A-1C) . Moreover, whereas wild-type spermatocytes had only a few centrioles (2.2%) with no detectable Sas6 (spindle assembly abnormal protein 6) at their distal part, Klp10A spermatocytes showed an increase of such centrioles (31%; Figure 1B ), suggesting they were incomplete or fragmented. Spd2 (spindle defective 2), which is closely associated with spermatocyte centrioles otherwise lacking pericentriolar material (PCM), also associated with centriolar fragments in Klp10A mutants, often fraying out from their ends ( Figure S1E ). By the end of G2, Klp10A mutant centrioles displayed discontinuities in the outer microtubules of both basal body-like structures and the short primary cilia that they nucleate ( Figure S1F ). Finally, Klp10A was present along the length of wild-type centrioles, being more concentrated near both ends, but was barely detectable in mutant centrioles ( Figure 1C ).
To understand how defective centrioles and centrosomes might arise in Klp10A mutant testes, we examined earlier mitotic stages of spermatogenesis. These showed significantly more cells with either more than (>20% of the cells) or fewer than two Dplp bodies ( Figure 1D ). Not only the number but also the size of Dplp bodies was compromised: whereas in wild-type spermatogonia, Dplp bodies were of uniform size (0.67 6 0.005 mm), Klp10A mutants showed a significant increase in both shorter and longer Dplp bodies ( Figures 1E  and 1F ). Similar findings were obtained using anti-Spd2 labeling ( Figure S1G ). Examination of spermatogonia by electron microscopy confirmed that Klp10A centrioles were both longer and shorter than wild-type; longer centrioles were generally not uniformly elongated, and shorter ones often appeared tenuously attached to them ( Figure 1G , arrows). This excessive elongation did not, however, seem to prevent formation of procentrioles ( Figure 1G , arrowhead), indicating that centriole duplication could occur. To better correlate our immunofluorescence observations with electron microscopy, we carried out structured illumination microscopy on antiSpd2-stained spermatogonial cells. This revealed both shorter and longer centrioles ''frayed'' at their ends (arrow) in Klp10A spermatogonia ( Figures 1I and 1J ). Apparent segments of centriolar walls were found both associated with the frayed ends or free in the cytoplasm, suggesting that the elongated structures could become fragmented.
To test Klp10A's role in somatic centriole biogenesis, we used RNA interference (RNAi) to efficiently deplete the protein from cultured Dmel cells ( Figure S2A ). Previous studies of the functional requirements for Klp10A for spindle microtubules [13, 14] have not examined centrosome behavior per se. After Klp10A RNAi, we could detect cells either lacking or having numerous Dplp bodies (Figures 2A and 2B ). The increase in cells without Dplp bodies was however quite modest, around twice the control (Figures 2A and S2B) . Moreover, the proportion of such cells did not increase following several rounds of Klp10A depletion ( Figure S2B ). This was a quite different outcome from that following depletion of Plk4, a core component of the centrosome duplication pathway [15, 16] , where virtually 100% of cells lose their centrosomes. Accordingly, we found that centrosomes could reform after Plk4 RNAi treatment in either the presence or absence of Klp10A (Figure 2A ). Under these conditions, depletion of Sas6, which is known to be essential for centriole duplication, would block de novo centriole formation (Figure 2A ). Together, these results indicate that the centriole duplication pathway is independent of Klp10A function. We noticed that Klp10A-depleted cells contained both weakly and brightly fluorescing Dplp bodies ( Figure 2B) . Because it was difficult to measure the length of these bodies (centrioles are less than 0.2 mm in these cells), we measured their fluorescence intensity ( Figure 2C ). Dplp is found at both centrioles and PCM, giving a combined indication of PCM size and centriole length [17] . We found that Klp10A RNAi resulted in a doubling of both very bright and very weak dots. By contrast, cells depleted for the microtubule depolymerases Klp59C or Klp59D (kinesin-13 family) or Klp67A (kinesin-8) [13, 18, 19] did not show an increase in brightly fluorescent Dplp bodies, suggesting that changes in centrosome size are not a general consequence of cytoplasmic microtubule depolymerization ( Figure S2C ).
To understand how these different centrosomal bodies might be generated, we carried out video microscopy to follow centrosomes in cells constitutively expressing GFP-Spd2 from a weak promoter ( Figure 2D ). Because centrosome number is notoriously variable in Dmel cells, we examined cells with two GFP-Spd2 punctae at interphase. In control cells, the two punctae became brighter on mitotic entry as centrosomes recruited PCM and separated to form the spindle poles (Figure 2D ; control RNAi, 00:00). Centriole disengagement occurred in telophase, and the daughters had two centrosomal punctae ( Figure 2D ; control RNAi, 02:20). In Klp10A-depleted cells, the two centrosomes coalesced upon mitotic entry with the apparent collapse of the spindle ( Figure 2D ; Klp10A RNAi, 00:00) and bipolarity was recovered as described previously [13, 14] ; the coalesced centrosomes split into several punctae at one pole, whereas there were none at the other ( Figure 2D ; Kkp10A RNAi, 00:40). Centrosomes then dispersed into numerous scattered dots ( Figure 2D ; Klp10A RNAi, 001:20). Thus, in the absence of Klp10A, fragmentation in M phase appears to account for the weak Dplp bodies.
We considered that the weak Dplp bodies could arise by PCM dispersion or centriole fragmentation per se. We addressed the former possibility by staining to reveal Spd2, which makes a greater contribution to PCM (J.F. and D.M.G., unpublished data), in addition to Dplp. Klp10A depletion led to an increase in small punctae positive for Spd2 but not Dplp ( Figures S2D and S2E ), consistent with some PCM fragmentation. In the absence of good antibodies to label centrioles, we addressed the possibility of centriole fragmentation by applying structured illumination immunofluorescence microscopy and electron microscopy to examine centrioles in control and Klp10A-depleted cells ( Figure 2E ). Structured illumination microscopy resolved the punctae staining in control cells into circular structures of w0.4 mm outer diameter that, when rotated through 90
, revealed the rod-like structures of centrioles ( Figure 2E , bodies 1 and 2). In Klp10A-depleted cells, these rods could be the same length or longer than in control cells. We also observed what appeared to be segments of the centriolar wall ( Figure 2E , bodies 4, 3, and 5, respectively), suggesting that centriole fragmentation could also contribute to the weak Dplp bodies seen by conventional immunofluorescence.
Electron microscopy revealed an increase in centrioles longer than 0.18 mm from 15.4% in control cells to 72.1% in Klp10A-depleted cells ( Figure 2F ) and a less pronounced increase in centrioles shorter than 0.15 mm (from 12.8% to 17.6%). Moreover, 10.5% of centrioles in Klp10A-depleted cells had an incomplete complement of microtubules (Figure 2G ). It is possible that the small centrioles represent intermediates in centriole duplication. If so, the relatively small increase in their number suggests that centriole duplication cannot account for the almost doubling of weak Dplp bodies after Klp10A RNAi. Together, our results therefore suggest that Klp10A depletion leads to centriole elongation and fragmentation associated with dispersion of the PCM.
Centrosome separation during mitosis is mainly asymmetric in Klp10A-depleted cells: one cell inherits both centrosomes, and the other inherits none ( Figure 2D ). Because the latter cell might be expected to engage in de novo centriole formation, we wondered whether formation of longer centrioles following Klp10A depletion could be a consequence of this. We therefore examined centriole reformation after inducing their loss by extensive Plk4 depletion, and we found that such centrioles were no longer than in control cells ( Figures  S2F and S2G ). This accords with the normal morphology of centrioles formed de novo in unfertilized eggs overexpressing Plk4 [20, 21] . Thus, the long fragmented centrioles seen after Klp10A depletion are unlikely to be a consequence of de novo centriole formation.
It was previously found that injection of anti-polyglutamylated tubulin antibody into HeLa cells in G2 resulted in centriole loss and scattering of PCM in a dynein-dependent manner [22, 23] . This has been widely taken to indicate that polyglutamylation might stabilize centrosomes to forces exerted upon them in mitosis. Unlike in mammalian cells, tubulin is not polyglutamylated in most Drosophila tissues [23] , and accordingly we could not detect this modification in Drosophila centrosome preparations or on centrioles of primary spermatocytes or Dmel cells (Figures S2H and S2I ; data not shown). We therefore wondered whether centrosomes might scatter following Klp10A downregulation in a dynein-dependent process. To test this, we decided to partially release tension on centrosomes by depleting dynein (Dhc64, dynein heavy chain 64) in the presence or absence of Klp10A. Because dynein depletion leads to inequitable heritance of centrosomes, their detachment from spindle poles [4, 5, 24] , and cell death (data not shown), we depleted around 50% of the protein ( Figure S2J ). This did not lead to defects in centrosome number or staining intensity (data not shown; Figure S2L ). When we extensively depleted Klp10A and partially depleted dynein, numbers of weak Dplp bodies decreased at the expense of an increase in bright Dplp bodies as compared to cells depleted for Klp10A alone (Figures S2K and S2L) . Thus, partial depletion of dynein apparently rescues centrosome fragmentation resulting from Klp10A depletion. Electron microscopy revealed that codepletion of Klp10A and dynein resulted in long centrioles, some exceeding the size observed after Klp10A depletion alone (Figures S2M and S2N ). Although we cannot exclude the possibility that dynein depletion directly affects the centriole per se, we feel it is more likely that it results in reduced forces upon the centriole, thus protecting the long centrioles of Klp10A-depleted cells from fragmentation.
Klp10A's Microtubule-Depolymerizing Activity Is Required to Control Centriole Length
To determine whether Klp10A's microtubule-depolymerizing properties are needed for its centrosomal functions, we generated mutations in two conserved class-specific motifs of its motor domain [25] shown to be essential for microtubule depolymerization in other organisms [26, 27] . These mutations changed residues KVD (aa 317-319) or KEC (aa 546-548) of Klp10A each to three alanines. In accord with the known properties of Klp10A, we found that high levels of wild-type protein depolymerized interphase microtubules, whereas cells expressing similar levels of the mutant forms had interphase microtubules of normal length ( Figures S3A and S3B and data not shown; [25] ). Thus, both mutations abolish Klp10A's microtubule depolymerization activity. We also generated lines expressing either wild-type or mutant forms of GFPtagged Klp10A from the endogenous Klp10A promoter that had the 5 0 but not the 3 0 untranslated region (UTR) of Klp10A. Both wild-type and mutant forms were expressed at levels comparable to the endogenous protein and were associated with microtubules and centrosomes or spindle poles in interphase and mitosis ( Figures S3A and S3C and data not shown) . Expression of the tagged wild-type protein at these low levels did not result in depolymerization of cytoplasmic microtubules. We then depleted endogenous Klp10A using RNAi directed at the 3 0 UTR and assessed the effects upon centrosomes ( Figure 3) . This led to an increase in cells either without centrosomes or with both weak and bright Dplp bodies in RNAi-treated cells expressing GFP (control) or GFP-tagged mutant forms of Klp10A, but not in cells expressing GFPtagged wild-type protein ( Figures 3B and 3C and data not shown). Thus, generation of both larger centrosomes and centrosome fragments requires loss of the microtubule-depolymerizing activity of Klp10A. Figure 4H . See also Figure S2 .
Loading 
Functional Interactions of CP110 with Klp10A
Because human CP110 [6] or Centrobin (required for CP110's centriolar localization [28] ) results in centriole elongation, we were intrigued to find CP110 enriched at the distal ends of the centrioles of primary spermatocytes ( Figure 4A ) in a region similar to Klp10A ( Figure 1C) . Moreover, CP110 colocalized with Klp10A in interphase Dmel cells ( Figures 4B, S4A , and S4B), and other evidence suggested that CP110 and Klp10A can physically interact (see Figure S4 and legend). We found that several rounds of CP110 depletion led to an increase in Dmel cells lacking centrosomes ( Figure S4G ). Thus, as in mammals [29, 30] , CP110 depletion affects centrosome biogenesis. However, centrosomes could reform after their elimination by Plk4 RNAi treatment, even in the absence of CP110 ( Figure 4C ), although this was prevented by further depletion of Sas6, required for bona fide centriolar duplication ( Figure 4C ). Thus, there is no absolute requirement for CP110 for centriole duplication. Interestingly, however, there was an increase in weakly fluorescing Dplp bodies in CP110-depleted cells ( Figures 4D and 4E) , and electron microscopy revealed that 50% of centrioles were shorter than 0.15 mm, compared to 12.8% in control cells, with most being about 0.11 mm long ( Figure 4F ). This is unlikely to represent an increase in procentrioles, because total centriole number decreased ( Figures  4C and S4G) . Centrioles of about 0.11 mm are similar in length to the unit cartwheel made mainly of three or four tiers in Chlamydomonas reinhardtii [31] and may represent the smallest stable centriole structures. Thus, we conclude that, in contrast to depletion of CP110 in mammalian cells [6] , depletion of CP110 in Drosophila leads to centriole shortening and destabilization. We then asked whether centriole shortening following CP110 depletion might be rescued by sequentially codepleting Klp10A (Figures 4F-4H ). We found that this resulted in the reappearance of long centrioles: 62.5% of the centrioles exceeded 0.18 mm, compared to 15.4% in control cells. When Klp10A was depleted first, followed by codepletion with CP110, we observed the reappearance of longer centrioles ( Figure 4H ). Thus, in the absence of Klp10A, centrioles increase in length regardless of whether CP110 is present or absent. The destabilization of Dplp bodies after CP110 depletion appeared to be enhanced by overexpression of GFPKlp10A that led to an increased proportion of cells lacking centrosomes after 3 days of CP110 RNAi ( Figure S4I ). Together, these results suggest that CP110 might provide a barrier to prevent Klp10A-mediated depolymerization of centriolar microtubules, and indeed, it forms a plug-like structure at the distal part of the centriole (J.F. and D.M.G., unpublished data). However, CP110 has no effect on microtubule elongation in the absence of Klp10A. Thus, Klp10A can restrict centriole length regardless of whether or not CP110 is present, and so their physical interaction is not required for Klp10A's recruitment and/or microtubule-depolymerizing activity. Indeed Klp10A may be recruited directly on the centrioles, because it is known to have affinity for the microtubule lattice in vitro [32] .
Klp10A is the first kinesin-13 demonstrated to regulate centriole length. Other family members have, however, been shown to regulate the length of flagella [27, 33, 34] and more recently formation of cilia [35] . In contrast to Klp10A, however, the mammalian kinesin-13 Kif24 is further limited to acting from the mother centriole on microtubules of cilia [35] . Thus, Kif24 depletion leads to aberrant cilia formation in cycling cells but does not promote growth of centrioles in nonciliated cells. Although Drosophila Klp10A and mammalian Kif24 act differently, both are able to interact with CP110. However, the interaction of CP110 and Kif24 in mammalian cells affects only the process of cilium formation. These functional differences between kinesin-13:CP110 complexes could reflect a regulative adaptation by mammals associated with evolution of the ability to generate primary cilia in many cell types. Thus, whereas in Drosophila, where few cells are ciliated, the capping function of CP110 might help to fix the length of the centriole by blocking Klp10A-mediated microtubule depolymerization, in mammals it has the additional function of blocking cilium formation until the correct phase of the cell cycle [7, 8] . Whether in mammals another kinesin-13 might play the role of Klp10A in regulating centriole length remains an open question.
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